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ABSTRACT

Preston-tube data have been obtained on a sharp-nose, ten-degree cone in
the NASA Ames 11-ft TWT and in flight tests. During analyses of the laminar-
boundary-layer data , errors were discovered in both the wind-tunnel and the
flight data. The apparent errors in the 11-ft TWT data are relatively minor

! and were easily corrected. However, the errors in the flight data are much
more severe. A great deal of effort was expended in the search for a rational
procedure for correcting this data. A correciion procedure is recommended
which forces the flight data to exhibit some of the orderly characteristics of
the wind-tunnel data.

P Subsequent to correcting the wind-tunnel data, a correlation is developed
between Preston-tube pressures and the corresponding values of theoretical
laminar skin friction, Because of the uncertainty in correcting the flight
data, a correlation for the unmodified data is developed, and, in addition,
three other correlations are developed based on different correction procedures.
Each of these correlations are used in conjunction with the wind-tunnel
correlation to define "effective" freestream unit Reynolds numbers for the
11-ft TWT over a Mach number range of 0.30 to 0.95. Using the preferred
correlation, based on the recommended rearrangement of the flight data, the
maximun effective Reynolds numbers are approximately 6.5% higher than the

' normal values over a unit Reynolds number range of 9.8 to 16.4 million per

y meter. These maximum values occur between freestream Mach numbers of 0.60

1 and 0.80. Smaller values are found outside this Mach number range. These
results indicate wind-tunnel noise i&TEcts the average laminar skin friction
much less than it g?fects boundary-layer transition.

) Data on the onset, extent, and end of boundary-layer-transition are

also summarized for these tests. The wind-tunnel data indicate a Reynolds
nunber, based on distance to end-of-transition, is a unique function of noise
and Mach number.

Finally, & procedure is described for studying the relative effects of
varying nose radius on a ten-degree cone at supercritical speeds. Preliminary
results indicate increasing nose radius promotes boundary-layer transition

' and separation of laminar boundary layers.
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NOMLNCLATURE

Skin-friction coefficient (2 Tw/peuez)

Nondimensional difference between theoretical and correlated
skin-friction coefficient [(Cf £ - Cp c)/cf t]

Pressure coefficient based on the difference between a Pitot
and static pressure reading [(Pp - Pw)/qm]

Pressure.coefficient.on surface of cone [(Pw -~ P,)/0]
Fiuctuating pressure coefficient based on microphone data
External diameter of a round Pitot-probe

Internal diameter of a pipe; in Appendix B, denotes diameter
of base of cone

External height of face of a flattened Pitot probe
Boundary layer shape factor (&*/6)

Nondimensional effective height of Preston tube (2Yeff/h)
Axial length of cone, 44.5 in.

Mach number

1
Friction Mach number, (Tw/wa)2
Static pressure at outer edge of boundary layer

Preston tube pressure

Static pressure at wall

Difference in pressure between a Preston tube and wall pressure
Freestream dynamic pressure (py_2/2)

Reynolds number based on Uy, and externai diameter of a circular
Preston tube (Upd/ve) or height of a flattened probe (Uph/ve)

Reynolds number based on diameter of a sphere and freestream
conditions

Reynolds number based on surface length from stagration point
and v evaluated at the reference temperature of Sommer and
Short (UeS/U')

Reynolds number,based on probe height and wall properties,UTh/vw

Critical Reynoids number for a sphere

Reynolds number based on external diameter of a circular Preston
tube and properties at outer edge of houndary layer, Ued/ve
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Re

Re

(Rey )eff
Re

Re

Reynolds number for incompressible flow thru a pipe of
diameter D, (UmD/v)

Freestream unit Reynolds number per meter (U_/v_)
Effective freestream unit Reynolds number per meter

Reynolds number based on properties at outer edge of boundary
layer and Xt

Reynolds number based on freestream properties and XT
Surface distance measured from a stagnation point
Temperature

Velocity parallel.to bounding surface .

Nondimensional velocity used in the law-of-the~wall (u/UT)
Velocity parallel to axis of cone

Velocity at outer edge of boundary layer

Mean or average velocity in a pipe flow

Velocity calculated from Preston-tube data and Pw
Classical wall-shear-stress velocity (‘rw/Q)n's

Freestream velocity

External width of face of a flattened Pitot probe in a direction
parallel to the wall but normal tot he undisturbed streamlines

Distance along axis of cone

Dimensionless pressure difference for incompressible flow
10910[APP d2/4 py?]

Distance along surface of cone; Appendix B, distance along axis
measured from apex of a sharp-nose cone.... .. ...

Most forward station at which Preston-tube measurements began

Distance along surface of cone from apex to onset of boundary-
layer transition

Distance along surface of cone from apex to end of boundary-
layer transition

Dimensionless pressure difference for compressible, nonadia-
batic flow log,o(Up Yors/Vy)?

Allen's correlation parameter ]og,n(Up d/v')

Length of boundary-layer-transition zone

xi




y Distance measured normal to the wall; Appendix B, denotes
- perpendicular distance from axis of cone :

Y, Distance of geometric center of Preston-tube from wall E
i
v Nondimensional distance from the wall as used in the law-of- :
the-wall (UTy/v)
y* Dimensicnless shear stress for incompressible, isnthermal ' ;
flow 1oglo[de2/4pv2 or O.ZS(UTd/v)zﬁ y
_ Yeff Effective height of face of Preston tube = height of an undis- '
1 turbed streamline above the wall which_has_a total pressure A
_ equal to the measured Pitot pressure .
Y#* Dimensionless ;hear stgess for.compressible, nonadiabatic :
flow 1091 o ('l'wY éfffpw\)w ) o
YA* Allen's correlation parameter 1og;{(/? UTd/v') ;
Greek Letters
|
o Angle-of-attack, defined to be positive for nose up
] Yaw angle, defined to be positive when nose is to portside ‘
] 1
e Total effective angle-of-attack, (a? + 82)° :
o
$ Boundary layer thickness ?
§* Displacement thickness for compressible boundary layer .
0 Momentum thickness for compressible boundary layer 3

1 Mrlecular viscosity

v Kinematic viscosity
0 Density of fluid
| T Shear stress at wall
4 ] 4 2 2
| w Nondimensional wall shear stress (de /pvw )

b Azimuthal angle, measured clockwise {looking forward) from

the top of cone
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I. INTRODUCTION

A.  Background

Since the 1920's, it has been known that freestream turbulence within
wind tunnels caused differences between ostensibly identical tests in dif-
ferent wind tunnels and in flight. It was discovered, during these early
years, that these differences in Tow-speed wind-tunnel tests could be ace
counted for by defining an “effective" freestream unit Reynolds number
which.was higher than the corresponding flight unit Reynolds number. The
now classical procedure for defining an "effective" freestream Reynold num-
ber was developed based on the drag of a sphere. This procedure is based
on the well-known fact (even in the 1920's) that the drag coefficient of a
sphere (and a circular cylinder) drops sharply at a critical Reynolds num-
ber of the order of 10%. This sharp drop in drag coefficient is caused by
transition from a Taminar to a turbulent boundary layer near the shoulder
of the sphere. The turbulent boundary layer remains attached over a longer
distance along the surface of the sphere and thereby reduces form drag.

According to Pope and Harper!, a convention was eventually adopted to
define the critical Reynolds number as the one which corresponds to a sphere
drag coefficient of 0.30, which occurs roughly at the maximum in d(CD)/d(RD)-
Careful measurements in free-air showed that the critical Reynolds number was
approximately 385,000. The values measured in wind tunnels were always found
to be less. This led to the formulation of a turbulence factor defined as

the ratio of the free-air critical Reynolds number divided by the correspond-
ing wind-tunnel vaiue, 1i.e.,

= {
TF 385’000/‘Rec)wT
The "effective" tunnel unit Reynolds number is then defined by

(Rey)ger = (TF) (Rep )

Additional details of this procedure can be found in Ref. 1. Unfortunately,
this method becomes inaccurate above M, = 0.35 as compressibility effects

become important. In particular, the sphere generates a rather sirong shock
slightly downstream of the shoulder of the sphere at high subsonic Mach num-

bers. This phenomena changes the relation between drag and Reynolds number,
e.g., see Lu?,




In Tow-speed tumels (M~ 0.50) the freestream unsteadiness 1s pre-
dominantly vorticity which is controlled in modern tunnels by a carefully
designed turbulence-management section upstream of the test section, e.g.,
Loehrke and Nagib® and Eckert, et al." Whereas, in transonic tunnels the
dominant source of flow unsteadiness is wall-generated noise caused by flow
through and across the ventilated test-section walls which are required to
establish steady flow near Mach one. The-noise intensity levels in transonic
tunnels typical peak between M= 0.70 and 0.80, e.g., Reed, et al.® The
AEDC Boundary Layer Tranzition Cone {see Fig. 1) was designed to calibrate
the effccts of noise on boundary-layer transition. It is superior to a
sphere because a sharp-nose cone does not generate a significant transonic
shock.* The need for such a calibration device was indicated by discrepancies
between numerous transonic wind-tunnel tests of models at ostensibly identi-
cal flow conditions. A particularly well-documented study of differences in
static aerodynamic data has been obtained with the same model of a C-5A trans-
port aircraft in three major transonic wind tunnels; the results have been
reported by Treon, et al.® The differences between the three different sets
of tunnel data were reduced by accounting for "relative" Reynolds number ef-
fects hetween facilities. The AEDC 10-deg cone was used to define the dif-
ferences in "relative" Reynolds number. As roted by Dougherty and Steinle:

“These results substantiated the need for developing a method for

predicting these corrections to Reynolds number to improve the

extrapolation of wind~tunnel test results to full-scale flight
conditions, i.e., a "turbulence factor" for transonic tunnels.

Although the "effect" associated with these differences in transi-

tion characteristics between tunnels is of prime importance in ad-

justing the data, the "cause" is of particular significance since

it relates directly to predicting the "effect" in new and different

facilities. This illustration of improvement in agreement of re-

sults between transonic facilities suggests the use of transition

Reynolds number for such corrections to be both technically appro-

priate and productive."

In 1971, an extensive test program was begun in which the AEDC-BLT cone
was tested with the same probe-traversing mechanism and instrumentation, see
Fig. 1. (Additional details of the cone are given in Refs. 7 and 8.) In
addition, the cone was accompanied by Dougherty from AEDC in order to assure
test procedures were matched as closely as possible. The primary purpose of
Lhis program was to simply detect the location of the boundary-layer-transi-
tion-zone on the cone in different wind tunnels and in free-flight but at

*Sae Appendix B for further discussion of the effects of nose bluntness on
transonic flow about cones.
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identical (or comparable) values of M, Rey, and q . The technique of using
a traversing Pitot probe to detect boundary layer transition has been used
since the 1930's, In fact, the first Wright Brothers' Lecture by Jones? in
1937 describes the utility of this technique in flight tests. Figure 2 is
taken from this paper and shows clearly the change in total pressure across
the transition zone along different paths parallel to the bounding surface.

The results of tests in six different tunnels is reported in Ref. 7, and
a summary of results obtained in twenty three tunnels and a concluding flight
test are reported by Dougherty and Fisher.® In this concliuding report,
Dougherty and Fisher found that the data for transition Reynolds number,
based on the product of local unit Reynolds number and distance from nose to
end-of-transition (XT), was proportional to (Cp);héf with an—error band of
+ 20%. This represents a significant step forward-in the development of a
procedure to calibrate flow quality in transonic wind tunnels.

The purpose of the work reported herein is to investigate the possibi-
lity of using the traversing-Pitot-probe data to derive more precise and/or
additional information concerning the effects of noise on flow quality. The
basic approach, which was selected to achieve this objective, is to interpret
the surface Pitot-probe data as Preston-tube data, i.e., total pressures near

the wall which can be related to skin friction. Unfortunately, four different . ..

probes were used during the series of wind-tunnel tests, and two were used
during the flight tests. Replacement was necessary because of probe wear
(along the underside of the probe where it made contact with the cone),
damage and/or deterioration during use. This did not introduce any signifi-
cant problem with regard to detection of transition but does become very im-
portant if the data are to be interpreted as Preston-tube data. In order to
set the stage for this type of analysis of the data, the basics of Preston
tubes and their use to measure skin friction is now introduced.
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B. Preston Tubes

Accarding to Preston'®, the British engineers Stephens and Haslam'®
suggested in 1938 that it should be possible to use the data from a Pitot
tube traversed along a surface to infer skin friction. Apparently, this
idea was not pursued until Preston's work.during the early 1950's. He
developed a correlation between skin.friction and the total pressure as
measured with circular pitot tubes resting on the inside wall of a pipe.

In order to develop this correlation, Preston assumed the classical
law-of-the wall is valid across the face of the probe and chose. the
characteristic length to be the height of the geometric center of the
probe above the wall, i.e., d/2. As shown in Ref. 12, this leads to the
following relation between Preston-tube pressure and skin friction.

(Pp = PW) d/2 _ G{ngd/2)2]

p\)2 pvz

or inversely,

Tw d> _ AP, d?
Bovi - F[%‘&;—] - (1)

This relation suggest a convenient method to determine skin friction since
the shear stress is uniquely related (for given fluid properties p and v)
to the difference in pressures between a Pitot tube (0D = d) and a static-
pressure orifice at the wall. Using Eq. (1) as a guide, Preston obtained
measurements inside a pipe flow with circular Pitot tubes having four dif-
ferent external diameters but constant ratios of internal to external
diameters of 0.6. Pipe Reynolds number was varied over the range 10" <
ReD < 10°, Skin friction was determined via measurements of pressure drop
over a known length of constant diameter pipe, viz., T ™ (P, - P,)D/AL.
An empirical fit of the data led to the following correlation.

y*=-1.396 + g-x* [Preston, 1954] (2)
Where y* = log,o (Tyd?/8nv?) and x* = 10910 (Ade2/4pv2)
In this same paper, Preston also reported mecasurements with the tubes on the
floor of a wind tunnel in slightly favorable and strong adverse pressure
gradients. The use of Eq. (2) to convert the pressure measurements into
skin friction coefficients led to a set of data that was consistent with




corresponding boundary-layer surveys with a minature, flattened Pitot
probe,

Thus, in addition to the surface Pitot measurements with circular
3 probes, Preston also used a small {(h = 0.015 cm.) flattened Pitot probe
g ‘ to measure velocity profiles. In an effort to obtain accurate profiles,
he employed an earlier estimate by Young and Maas'® that the effective
center of the probe would be displaced 0.25h toward the region of higher
velocity. This correction is ostensibly to account fora velocity gradient
across the height of the probe face. This is needed because as noted by Chuel*:

"Errors caused by the presence of a shear flow across the mouth
of the pitot tube are due to the following two effects:
i? the stagnation pressure is proportional to the
square of the velocity and when this is integrated
over the orifice, it will have a higher value than
the stagnation pressure calculated from the square
of the velocity at the geometric centre of the ori-
fice; and
(ii) the presence of the probe in a velocity gradient

causes deflection of the stream lines toward the ]
region of lower velocity. This deflection causes ‘
the probe to indicate an impact pressure in excess
of that existing at the same location in the absence
of the probe.

The existence of the second effect has been qualitatively demon- ]

strated by smoke photographs. Both of these effects are therefore

! seen to cause the probe to read high, which explains the outward
displacement of the effective from the geometric centre."”

The net effect is the wmeasured pressure corresponds to the total pressure
of a streamline which is above the geometric center of the probe. Although
Preston attempted to correct for this effect of shear, he noted that there
is an additional effect associated with proximity to the wall. In particular,
when the flattened probe was within a distance 3h of the wall, he found the
displacement of the effective center was reduced and appeared to be a func-
tion of U¢h/v.

Preston did not attempt to define the functional relationship between
y&,h and Reynolds number. However, this was subsequently undertaken by
MacMillan!® for circular Pitot probes. His measurements indicated that
when the geometric center of a circular probe is more than two diameters
away from the wall, the effects of the wall on displacement of the effective
center is nil, and the displacement due to shear alone is 0.15d (i.e.,
Yeff = 0.65d), independent of Reynolds number. He also established that the
effect of the wall is to reduce this displacement and move the effective

7




probe position closer to the wall. This is easily seen when one realizes
that the downward flow across the face of the probe (caused by shear)

is impeded as a probe approaches the wall. furthermore, the oncoming
streamlines (below the center of the probe) begin to 1ift upward and move
over and around the probe instead of passing underneath between the probe
and the wall. MacMillan proposed a single curve for a velocity correction
which is to be added to-the measured velocity in order to account for wall
displacement effects. The correction.is a function only of Ye /d and is 1.5%
of the measured velocity when Yo /d=0.5 and is zero when Ye /d > 2.0. This
correction for wall effects is to be added to the disp]acement effects of
shear. By expressing the wall effect in terms of a fraction of the measured
velocity, MacMillan was able to define a correction which is independent of
Reynolds number. However, since the measured velocity at a given value of
yc/d isa function of ReD, the displacement caused by wall proximity is also
a function of ReD Thus, MacMillan concluded that the total displacement of
the effective center is a function of Ye /d and U d/u when 0.5 < Ye /d < 2.0.
It is relevant to here note that any d1sp1acement effects, which occurred in
Preston's data, are buried within the empirical coefficients of Eg. (2).

In 1964, Patel'® published the results of an extensive set of tests
with fourteen different circular Pitot probes and three different pipe
diameters. He obtained a more accurate calibration for Preston tubes and
established 1imits on the pressure-gradient conditions within which his cali-
bration can be used with prescribed accuracy. Patel obtained empirical equa-
tions for y* = f(x*} over three ranges ofy*: (1) 3.5 <y*<5.3, (2) 1.5<y* <
3.5, and (3) y* <1.5. These three regions correspond, respectively, to the
fully-turbulent, the buffer or transition zone, and the viscous-sublayer
regions of the classical law-of-the-wall. In incompressible flow, the normal
Preston-tube Reynelds number range corresponds to the buffer zone, and for
this region Patel obtained

y* = 0.8287 - 0.1381 x* + 0.1437(x*)? - 0.0060{x*)?, (3)

where: 1.5 < y* < 3,5 or 5.6 < U.d/2v < 55. Patel claims this correlates
his data to within + 1.5% of 1.
In the viscous-sublayer region, Patel found his data was correlated by

y* = 0.5x* + 0.037, (4)
when: y* < 1.5 or U, d/2v < 5.6
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In this near-wall region, the classical law-of-the-wiall exhibits the }inear

3 relation
- ut oz u/Up = Upy/v = v (5)
if In order to relate Eqs. (4) and (5), Patel introduced Keff and defined the
. “effective" center ofa round Pitot tube to be at
; Yerr = Kepr 9/2 . (6)
' By definition of the effective center, the velocity recorded by a Preston
tube, Up, is the true velocity at Yors:
I . 1 ]
. . = U2 = 2 7
=g WU T gl (7)
' If this is substituted into Eq. (5), the results are
- 2
y* = 0.5x* - 0.5 log,, (0.5 Keff)' (8)

Now equating Eqs. (4) and (8) and solving for Keff’ a value of 1.3 1is
obtained.

Patel noted that this agrees "precisely” with the value determined by
MacMillan. However, this value for Keff is equivalent to MacMillan's re-
sults for displacement due to shear alone, i.e., when yC/d > 2.0. Whereas,
in the case of Patel's use of Pitot tubes resting on the bounding surface,
the value of yc/d is 0.5. Thus, Patel's results for Keff appears to be for-
tuitous, but an argument can be made that makes this plausible. Firstly,
MacMillan noted an additional displacement correction for viscous effects
on Pitot probes in zero-shear leads to larger, positive displacements when
Urd/v < 25.%% Secondly, as previously discussed, wall proximity effects
result in a reduced or a negative displacement. Therefore, it appears :
(assuming no significant experimental errors) that Patel's value for Ke
occurs bhecause viscosity and wall effects cancel each other.

ff

**As noted in the review articie by Chue'®, it is generally agreed that the
pressure coefficient (Cp) for a Pitot probe is greater than one when U _d/2v -
300. However, there is no concensus between existing experimental data and
theoretical results as to precisely how Cp varies with Reynolds number,

9
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IT. RESULTS OF PRELIMINARY ANALYSES
OF WIND-TUNNEL DATA

The traver<ing Pitot probes, used during the AEDC-BLT Cone tests,
are of the flattened or oval=shaped type. Figure 3 shows typical dimen-
sions of the probe used during flight tests of the cone. The probes
used in wind-tunnel tests are geometrically similar. The particular
probe, used during tests in the NASA Ames 11-ft Transonic Wind Tunnel
(TWT), had a height of 0.0097 in.

Since Patel's results are for circular Preston tubes, they cannot
be applied directly to the AEDC Cone tests. In addition, these tests
were conducted at transonic speeds and compressibility effects are ex~
pected. With regard to flattened Prestor tubes, Quarmby and Das!” con-
ducted an experimental study and calibration of six oval-shaped probes
when used as Preston tubes. When x* > 4.6, they found these probes gave
exactly the same calibration relation between y* and x* as was obtained
by Patel (Eg. 3) if the external height of the probe face is used in place
of d. At lower values of x*, the negative displacement of the effective
center caused by wall proximity was larger (=5%) for the flattened probes
with aspect ratios between 1.5 and 1.9.** The following calibration equa-
tion correlated the measurements of Quarmby and Das to within 1.5% of Ty

y* = 0.5152 + 0.1693 x* + 0.0651 (x*}?
for 3.38 < x* < 6 (9)

Since these results for oval-shaped Preston tubes agree so closely with
Patel's results and Patel's value for Keff = 1.3 appeared to be appropriate

in the viscous-sublayer of a turbulent wall-flow, it was initially decided to
use this same value in an attempt to correlate the traversing Pitot probe
data ohtained within the laminar boundary layer on the AEDC Cone. This ap-
peared to be reasonable in light of the fact that the x*'s for the cone

data were ~ 5.5. Although this is equivalent to assuming Keff is independent

of Mach number, Reynolds number, velocity gradient across the face, and
aspect ratio, this assumption was attractive because it greatly simplified
the analytical work.

Now turning our attention to compressibility and Mach number effacts,

**This is consistent with the idea that flow about the face becomes more
two-dimensional as aspect ratio increases and more of the flow passes up
and over the face rather than around the sides.
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Alen'® has performed the most comprehensive analysis of Preston tubes 1n
supersonic boundary layers. He developed a correlation using three inde-
pendent sets of simultaneous measurcments of Preston-tube pressures and
skin friction via a floating-element force balance. These data were ob-
tained within flat-plate, turbulent boundary layers and with Mach numbers
in the range: 1.6 < M_< 4.6, Allen selected the same basic dimension-
tess parameters as Patel; except he chose to evaluate the fluid properties
p and v at a.reference temperature developed by Sommer and Short?, and__.
the velocity Up was calculated from P_ and thz wall pressure Pw (= Pg) using
standard compressible flow relations.**

¢ oM u
* = E._ ...g_ _R = !
W= togio { 5 iR R} < lagus (U, @) (10a)
u L
YK = 1ogy, { —$'Red(p'Cf/pe)z}= logyq (V2 UTd/V') (10b)

The primes denote properties evaluated at the Sommer and Short reference
temperature, viz.,

1 = 2
T /Te 0.55 + 0.035 Me + 0.45 Tw/Te . (11)
The correlation derived by Allen is

Y¥ = -0.4723 + 0.7814 X*

2
X H +-0.01239(XE) . (12}

[Al1en, 1977]

Allen found that the majority ot the skin-friction-coefficient data were witnin
+15% to ~12% of Eq. (12). This rather large scatter, compared to the in-
compressible pipe-flow calibrations of Patel!® and Quarmby and Das!?, is
at least partly associated with the much greater sensitivity and vulnerability
of floating-element balances to extranneous errors.’+

Obviously, the parameters used by Allen are logical candidates in
any attempt tc correlate the transonic cone data. However, the basic pur-
pose of a reference temperature is to permit use of skin friction formulas
for incompressible flow to estimate compressible skin friction by evaluating
fluid properties at the reference temperature. Thus, the resulting reference
properties represent an "average" value across a boundary layer. Whereas,
small Preston tubes encounter only the flow near the wall. Trerefore, it
appeared to us that properties based simply on the wall temperature would
be more apropo. The utility of evaluating properties at both of these tempera-

**The details can be found in the report by Allen?® or Reed, et al.'?
+iA1len” ! has diccussed the various error sources in floating-element force

12 halances, and he has recently suggested an improved design for this type of
tnstrument, Ref, 22.




tures was investigated, and the results are reported following a summary of
the wind tunnel data.

Wind Tunnel Data

Although the AEDC-BLT Cone has—been tested in twenty three different
wind tunnels, only the analyses of subsonic data from the NASA Ames 11-ft
Transonic Wind Tunnel (TWT) is reported herein. Suface Pitot-probe surveys
were taken along the cone between axial stations 10 and 89 cm. aft of the
nose. Table I 1ists the twenty one subsonic flow conditions at which the
cone was tested.** The pattern of typical pressure surveys at high and low
Reynolds numbers are shown, respectively, in Figures 4 and 5.

As a point of departure, this research seeks a correlation between the
Preston-tube pressures, measured within the laminar portion of the cone's
boundary layer, and the corresponding theorstical values of skin friction.
I1f successful, the intent was, and is, to compare such a correlation with
the corresponding correlation for flight data. It is thought that such a
comparison can lead to the definition of an "effective" unit Reynolds |
number for the 11-ft TWT. However, a literature search for Preston-tube
data within laminar boundary layers turned up only one reference, viz., s
Prozorov.?? !

Prozorov obtained surface Pitot-probe measurements within low-speed,
flat-plate, laminar boundary layers. He used four circular Preston tubes
and three rectangular-shaped probes with aspect ratios of 5.21, 5.21, and
5.00. Although his data exhibited considerable scatter, he concluded,
based on his measurements, that Keff is a universal function of U_d/v (or Up
h/v) for both laminar and turbulent boundary Jayers and is independent of )
probe geometry.++ Within the accuracy of his data, Keff has nearly a constant ¥
value of 1.3 when Ry > 100 and approaches 1.8 when Ry = 32. This essential- ;
1y verifies the results of Preston for turbulent pipe flows. However,
Prozorov found dezlpu2 to be a different function of Ry for laminar boundary
layers compared to what Preston found. The two calibration curves for
de2/9u2 diverge for R, > 100. He explained this in terms of the following
equation which was derived from a Maclaurin series expansion of U_ at small
distances from the wall and the conservation of mass and momentum for steady,
two-dimensional flow.

-

**ATthough surveys were also conducted at Tow supersonic speeds, the shock t
interactions between the traversing-probe assembly and the hemispherical \
Pitot-static probe were not completely calibrated, and thus the supersonic i
data were not included in this research.

++This is inconsistent with the results of MacMillan'® which indicated Keff

for circular Preston tubes is a function of Ugd/v and the results of Quarmby

and Das}? which indicated Kefs 15 also a function of aspect ratio. 13 i




Table 1., Wind Tunnel Cases Used To NDevelop
Laminar Correlations

o i ke e e SR el

RUN NO. M. Re, X 1076 ..(kPa) o« B
R A TR s oo
19.289 0.8 13.1 29.5 -0.00 -0.02
21.318 0.7 13.1 26.2 -0.01 -0.03
23.346 0.6 13.1 22.8 -0.00 -0.03
25.376 0.5 13.1 19.3 -0.01 -0.03
27.41 0.4 13.1 19.3 -0.00 -0.03
29,440 0.3 13.1 1.0 -0.01 -0.03
39.545 0.4 8.2 19.0 0.02 0.02
40.547 0.6 16.4 28.1 0.02 0.02
41.548 0.7 16.4 32.6 0.02 6. 02
42.549 0.8 16.4 36.4 0.0} 0.02
43.550 0.9 16.4 40.3 0.01 0.02
44,551 0.95 16.4 3.8 0.01 0.02
56. 631 0.9 9.8 23.6 0.06 0.01
57.632 0.8 9.8 . 1.7 0.07 0.01
58.633 0.7 9.8 19.5 0.07 0.01
59.634 0.6 9.8 17.1 0.08 0.01
60.635 0.5 9.8 14.5 0.07 0.01
61.636 0.4 9.8 1.8 0.07 0.01
70.726 0.7 13.1 25.8 0.04 0.02
72.748 0.8 13.1 29.0 0.03 0.02
14
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PATTERN OF TYPICAL PRESTON TUBE
DATA FOR LOW UNIT REYNOLDS NUMBER

Meo = 0.90
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Tw ™ pv? Kaff dx ( pv?) Kaff (13)

Prozorov claims this is valid in laminar, transitional and turbulent flows
provided the probe height is within the viscous-sublayer. According to
Eq. (13), ?ﬁ = fn(Rd) if and only if Kess is also and the pressure gradient
is negligible.
It was decided not to use Prozorov's equation [?Q = ?Q (Rd, Kefr de/dx)]
for the development of a correlation of laminar Preston-tube data for the
following reasons.
1. It was not expected that the_probes used in the subject tests
would always be within the viscous sublayer. {

2. For efficiency, it is desirable to have a common procedure for
analysis of both the laminar and turbulent data. Use of the ?
classical law-of-the-wall leads to a procedure which is applicable ]
to both types of flow; provided pressure gradients are small.

3. The static pressure gradients along the cone surface were known

to be small, and Patel's work!® defined the errors to be expected
when using_calibrations of Preston tubes, based on the law-of-the-
wall, in turbulent flows with small pressure gradients.
Thus, for analyses of the laminar data, it was decided to use the basic cor-
relations parameters utilized by patel and Allen for turbulent wali-flows.

YT

Computation of Boundary Layer and Data Analysis

The distribution of static pressure along the surface of the sharp cone
at subsonic speeds is assumed to be defined by the inviscid theory of Wu and
Lock.2"* Predictions for pressure coefficient along the surface of a 10-degree \
cone are shown in Figure 6 as a function of freestream Mach number. This in-
formation and the known tunnel freestream conditions are used to calculate
flow conditions along the outer edge of the boundary layer. The conical i
laminar boundary layer is then calculated using a computer program developed
at Stanford University by Crawford and Kays?> which they have 1abelled STAN-5.
The resulting distributions of laminar skin friction and boundary layer pro-
perties are then matched with the corresponding values of surface - Pitot f
measurements. 1
1t was arbitrarily decided to only use Preston-tube data at 1/2 in.
intervals beginning with the most forward station at which data were obtained.

V7
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This resulted in a total of 148 data points along the cone at the various
M, and Rg ~Tisted in Table 1. The following linear equation was first used
to correlate the Preston-tube measurements with the corresponding values of
theoretical skin friction,

Y* = A X*+ B T*+( (14) '
where
= 2 2y = 2
Y* = 109, (Tw_Yeff/pwvw ) = log;, (UT Yeff/vw) {15a)
= 2
X* = 109, (Up Yeff/“w) (15b)
T* = logo (T'/Te) {15c)
Yeff = Keff h/2 = 0.6§ h (15d)

The reference temperature was introduced to account for small departures

of the fluid properties p and v from the wall values. The coefficients A,
B, and Cwere determined by a least-squares fit of the data. This resulted
in the following semi-empirical correlation.

Y* = 0.655X* + 2.095T* ~ 0.895 (16)

Z* - 0.895

It

A plot of Eq. (16) is presented in Fig. 7 along with the individual data
points. The corresponding differences in skin friction coefficient are shown
in Figure 8. The rms value of C. = (C - Cp )/C is 6.7%.
f f,t fyc’'7f,t
Next_an equation quadratic in X* was tried.. The resulting correlation is

Y* = 0,273(X*)2 - 2.618 X* + 1.645T* + 8.92 __ (17)

A plot of this equation and the associated data are shown in Fig. 9. The
corresponding E% is presented in Fig. 10. When the correlation parameters

of Allen {Eq. 10) are used to fit the same data, the rms value of f} is 8.6%.
Thus, the parameters defined in Eqs. (15} appear to be superior for correlating
this particular data. An examination of Fig. 10 reveals that the data in

the upper left-hand corner is separated from the majority of the data. These
six data points corresponds to Run No. 57 {M_ = 0.80, Re, = %Bx10°%). When they are
deleted, the rms value of ﬁf is reduced from 6.7% to 5.2%. Finally, the seven
data points, which form almost a vertical 1in2 on the left of Fig. 9, correspond
to Run No. 72 (M, = 0.80, Re,, =13x10°). Vhen these points are also deleted,
the correlation becomes

19
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Y¥ = 2% -0.895

Where
7% = 0655 X*+ 2,095 log,o(T"/Te )

Yeff = 0.65h

20 Figure 7.
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Y* = 0.0942(X*)? - 0.438X* + 2.023T* + 2,272 . (18)

The associated rms value—of E% is 4.93%,

These results are good compared to the correlation of Allen!® but are
rather.large compared tothe very small scatter (= 1%) of the correlations for
incompressible flow of Patel (Eq. 3) and Quarmby and Das (Eq. 9). Although
greater scatter may be.expected for compressible flows, somewhat less scatter
is expected for a correlation.of the subsonic cone data because errors associ-
ated with floating-element balances are not present as they are in the data
considered by Allen. Thus, the question arises: how can the data be better
correlated? This led to a reexamination of.the data and the development of
an improved correlation when Keff is treated as a variable. The details of
this second—analysis of the wind tunnel data are discussed in the next section.
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IE1. REANALYSES OF WIND TUNNEL DATA
USING VARIABLE K.

Reexamination of the papers by McMillan,'® Patel,'® and Quarmby and
Das!?22% led us to conclude that, in general, the effective center of a
Pitot tube is a function of:

Kegs = Kegr (Uh/V, yo/hy wih) (19)

In the case of a Preston tube, yc/h = 0.5, and aspect ratio (w/h) is a
constant for a given probe. When these restrictions apply, Eq. (19) re-
duces to Keff(UTh/v). Since, in general, wall shear stress is a function
of Reynolds number, pressure gradient, Mach number and heat transfer, we
can expect K of f for a given Preston tube to also be a function of these
variables. If this conclusion is true, it is necessary to interpoiate K
from the STAN-5 boundary-layer profiles. This has been done by finding
the position within the theoretical laminar profiles at which the total
pressure is equal to the measured Pitoto pressures. Table II provides a
summary of the results for each wind-tunnel flow condition.

It may be noticed that only nineteen cases appear in Table II as com-
pared with twenty one in Table I._In the process of tabulating (C )rms’ it
was discovered that the exact flow conditions for Run Nos. 27.411 and 39.545
were in doubt. After a brief attempt to ascertain the correct values it
was decided to drop these two cases—from further consideration.

In addition to Keff and Pp, Table Il also includes noise measurements
of (Cp)rms as obtained with a 0.635 c¢m microphone mounted flush with the
surface of the cone at a distance 45.7 cmaft ofthe nose and 135 degrees
around from the Preston tube. As discussed in the introduction, Dougherty
and Fisher® have correlated boundary layer-transition with this type of noise
data. Thus, it is anticipated that this data will be relevant to the defini-
tion of an "effective" unit Reynolds number for the 11-ft TWT.

25
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;; The method used to define Kegs has the effect of adjusting the height

; above the wall at which Pp is measured. This procedure s expected to 1cad

? to an improved correlation between Pp and Cf hecause . the Preston-~tube pressure
L is forced to be consistent with the theoretical boundary-layer profile and skin
. friction. However, a high or low value of P, and K ee for a glven value of Cg
and h leads to a numerically different relationship between X* and Y*. Higher
values of Pp produce a more nonlinear correlation.

In order to make this point apparent, it is helpful to see a representa-
tive graph of the axisynmetric laminar boundary layers in standard law-of=-the-
wall coordinates, i.e., u* vs. y*. Three typical velocity profiles are shown
in Fig. 11 for M_ = 0.60 and three different unit Reynolds numbers. The key
observation to note from this figure is that Yeff UT/“w fs = 35, and at this
height the normalized velocity ut is only 7% below the linear relation ot =
y+. When a Preston tube is completely submerged in this Tinear region, Patel!®
has shown that a linear relation between y* and x* results, e.g., see Eq. (4).
As the probe height increases and/or boundary layer thickness decreases, the
relation between y* and x* becomes more nonlinear, e.g., see Eq. (3). In the
case of the subject data, a relatively small nonlinearity is expected.

The above discussion of how a correlation is influenced by high or low
values of Pp, naturally leads to the question of accuracy of the measured
pressures, and how can erroneous data for a given wind-tunnel condition be i
identified? This can be qualitatively assessed by comparing the corresponding
values of Keff for a particular case with the distribution ot.Keff>for the i
majority of the data.** For this purpose, Keff has been plotted as a function
of U h/v,, M, and Re and is shown in Fig. 12. It is relevant to here note
that the slightly favorable pressure gradients are negligible over the range
0.09 < X/L < 0.26 for which laminar Preston-tube data are available, see Fig.

6 and Table II. Thus, the systematic variations in Keff are apparently caused
by changes in flow about the face of the probe with changes in: (1) Reynolds
number, (2) Mach number, and (3) tunnel freestream disturbance levels. .These
variations in effective probe height must be properly accounted for if a single
correlation equation, with constant coefficients, is to be uniformly watid

with respect to Mach number.

The variations of Keff, shown in Fig. 12, show that—the effective height
of a probe decreases as Uih/v  increases and/or Mach number increases. In :
either case, the pressure difference APp = Pp - Py fincreases. Since LITh/vw ~
increases as a given probe moves forward toward the nose, it is obvious that
**Here we assume the bulk of the data provides a valid reference.
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AP will increasc a1so.+ In the case of Mach number it is not quite so

obvious that APp increases with M_. In order to illustrate this phenomena,
Fig. 13 presents the effect of M_ on the distributions of total pressure
across the calculated laminar boundary layers on a 10° cone. Here, we see
that for a given wall shear stress the total pressure increases with M_-.
This s true for approximately the inner half of laminar boundary layers,
Based on the theoretical boundary layer calculations and the given probe
height (0.0246 cm) used during these wind tunnel tests, the range of the
ratio of probe height to boundary layer thickness is 0.34 < h/s < 0.77.
However, the effective height varies in such a way that Yeffla is always less
than 0,5. In fact, for the three cases shown in Fig. 13, Yefflé is < 0.32.
The individual values of Yeffls and APp are listed in Table III.

The above described effects of Mach number have also been observed by
Bradshaw and Unsworth? in their analyses of data for supersonic, flat-plate,
turbulent boundary layers. In addition, the fact that the effective height
of a probe is less than the actual height explains why Allen's?® Preston-tube
and turbulent skin friction data for supersonic turbulent boundary layers
appeared to follow the logarithmic law-of-the-wall even when d/&8 was as large
as 0.70.

Only two subsonic wind-tunnel conditions were repeated, viz., M_= 0.7
and 0.8 at a Reynolds number of 13 x 10%. Comparisons of Keff for each of

these cases indicate a difference of 0,075 for M_= 0.7 and 0.15 for M_ = 0.80.

These differences translate, respectively, to differences in measured pressure
of 1.1 kPa (0.16 psi) and 2.3 kPa (0.33 psi). Since the full-scale range of
the pressure transducer used in the probe is 34.5 kPad (5 psid), the corre-
sponding percent eriwss in pressure are 3.2% and 6.6%, respectively. These
values are a measure of the repeatability and precision of the Preston~tube
data.

Since the distribution of K, .. for a given M, is expected to be contin-
uous, the discontinuities between the data for unit Reynolds numbers of 9.8
and 13 are also a measure of precision. The 11-Ft TWT was shut down between
the runs for different unit Reynolds number, and individual Mach number
cases were run in the order listed in Table 1. However, there were two
exceptions to this order. The tunnel was started for run numbers 44-47 and
was shut down after wards. The second exception occurred for run numbers
*Gnly data from run number 44 is being used in this work.
+The Preston-tube measurements of Prozorov’ ' for incompressible flat-plate

boundary layers also exhibit a decreasing effective probe height with
increasing U h/v, . when U1h/\=H is Tess than 100. 33
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70 (M, 7 0.7, Re = 13 % 10°) and 72 (M 0.8, Re = 13 X 10°) which
were performed ato a higher unit Reynolds number immediately after the
preceeding runs {66-61) for a lower Reynolds number. Thus, for these
two runs, it is suspected that the pressure transducer was being
influenced by unsteady temperatures and may not have achieved an
equilibrium temperature. This phenomenon may have also contributed

to errors in pressure measurement for other cases. For example, the \
Kogs for run nunber 44 (M = 0.95 Re = 16.4 x 10%) appear to be low.

Using the entire 136 values of Keff’ shown in Fig. 12, a E !
correlation between Preston-tube pressures and theoretical, laminar
skin friction can be calculated. The equation obtained from a least- i
squares fit of a quadratic to the data is : ]

Y* = 0.0]74(X*)2 + 0.3274 %* - 0.0392 7* + 0.4333,
for 5.4 < X* < 6.3 and M < 1.0.

(20)

The rms error in Cf c is now 0.90%. This amount of scaiter is
comparable to the pipe flow calibrations of Patel!® and Quarmby and
Dag?’*7¢

However, the lack of continuity between the I(eff data for Rem = g8 x 10°

and the rest of the data is of concern. A reexamination of the data

sheets for this Reynolds number indicate some confusion as to the correct !
gain factor for the X-Y plotter. For example, on the Preston-tube data %
sheet for Run No. 56 (M = 0.90, Re = 9.8 x 10%), the listed gain factor %
is 0.789 psi/cm.  Use of this gain factor results in a Preston-tube pressure |
higher than freestream total pressure! A review of the tunnel testing '
procedure led to the conclusion that Runs 56-61 should be shifted so that |

the distribution of Keff for Run No. 58 (M_ = 0.70, Rem = 9.8 x 10%}

Forms a continuous curve with Run No. 21 (Mw = 0,70, Rem = 13 x 10°).

1n addition, Runs 70 and 72 were shifted, as a group, s0 as to align Run No. 70
with Run No. 21. A plot of the revised Keff's are shown in Fig. 187, The

corresponding correlation s

V4 = 200136 (X*)7 + 0.6977(X*) + 0.1051 T* + 0.6669,
for 5.4 - X* - 6.3 and M_ 1.0. (21)

The curves, which appear in fig. 14, will be discussed in the following
section on analyses of fliaht data,

16
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This equation is shown in Fig. 15 with the individual data points superimposed.
The rms error in Cf,c is now 0.97%, and the individual values of ff are
presented in Fig. 16, Fquation (21) is considered to be our best estimate
of a correct correlation for the 11-Ft TWT,
_ It may be noted that the contribution of the T* term is very small because
) the temperature ratio T'/Te is near one and the log of 1 is zero. This
simply indicates negligible departures of density (p) and viscosity (u) from
i values based on wall temperature. In anticipation of the need to compare the
; wind-tunnel correlation with a correlation based on flight data, it is obvious
: that such a comparison will be easier if T* is dropped. Upon doing this and
refitting the data, the following simplied correlation is obtained.
| Y* = -0,0103 (X*)2 + 0.6653 X* - 0.5946, (22)
’ for 5.7 < X* < 6.3 and M_ < 1.
{ The rms error in Cf,c has increased only slightly to 0.98%. Equation (22)

is plotted on Fig. 17 and is compared with an analogous correlation for the
unmodified wind tunnel data. Tt should be noted that the small increase

in rms error of Cf,c , relative to the unmodified data, is caused by the fact
that a given difference in Keff leads to a greater difference in Preston-tube
pressure as the height above the wall is increased, recall Fig. 13.

It is here emphasized that the numerical values of Keff and the
coefficients in Egs. {21) and (22) are valid only for the Ames 11-Ft
TWT and the particular probe used during these tests. The numbers are
expected to be different for different wind-tunnel environments and for 1
probes with significantly different aspect ratio and/or face geometry.
In particular, the coefficients are believed to contain information on the
froestrean disturbance levels which are peculiar to the 11-Ft TWT., With
the attainment of this objective, a—corresponding analysis of the j
f1ight data was begun. This is reported in the next section.
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BEST ESTIMATE OF LAMINAR CORRELATION
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SCATTER OF LAMINAR
SKIN FRICTION COEFFICIENT ABOUT THE
BEST CORRELATION FOR WIND TUNNEL DATA
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IV. ANALYSIS OF FLIGHT DATA

The AEDC-BLT Cone was mounted on the nose of a Mchonnell-Douglas
£-16 aircraft for flight tests?s?? Although the cone apex was over 2m (e
7 Ft)ahead of the aircraft nose, it was recognized tha* the flow field
about the aircraft could influence flow about the cone. Hence, it was
necessary to obtain measurements of static pressure distribution along
the cone by employing a facsimile cone. This cone has the same exterior
dimensions as the BLT Cone but was constructed so that interchangeable
inserts in the wall permitted measurements of either static pressures
or wall temperatures along the surface of the cone. The inserts for
static pressure measurements had an orifice with an inside diameter
of 0.107 cm (0.042 in.) Table IV lists the locations of these orifices
along the surface of the cone.

Most of the flight data were obtained for nonzero pitch and/or yaw.
Since we are unable to calculate non-axisymmetric boundary layers with
STAN-5, only the cases having negligible a and B were selected for
development of a Preston-tube/skin friction correlation. A_total of
nine cases were identified as having both o and B of the order of 0.1
degree or less. A summary of the selected data is tabulated in Table V.
The numbering system used to designate the various flights is-as follows:

XXX . YYYY
S — S~ ——
Flight Time of

No. Day

The 1isted values of freestream Mach number, unit Reynolds number, dynamic
pressure, and pitch and yaw angles are the time-averaged values based on the
measured conditions which existed during the time the Preston tube was
within the laminar boundary layers.

42
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TABLE 1V
PRESSURE INSTRUMENTATION ON FACSIMILE CONE

(a) Surface Distribution of Statie Orifices

Orifice X(in.) X/L o{DEG)
1 7 157 180
2 16 ~.360 0
3 17 .382 0
4 19 427 0
5 20 449 0
6 21 472 0
7 22 .494 0
8 25 562 0 !
9 26 .584 0
10 27 .607 0 i
n 28 .629 0 i
12 29 652 0 -
13 30 .674 0 ;
14 30 674 90 ?
15 30 674 180
16 30 674 270 :
17 31 .697 0 ‘
18 32 N9 0 1
19 33 ,742 0
20 34 764 0
21 35 .787 0
22 35 787 180 !
(b) Differential Pressures -..
Qrifice X(in.) XL ¢ e
18, 0-180* 18 404 0 & 180 - pitch plane
18, 90-270 18 404 90 & 270 - yaw plane

*Note: Leaky Transducer-Unusuable
43
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TABLE v
FLIGHT DATA USED IN DEVELGPMENT OF LAMINAR CORRELATION
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The first step in calculating the boundary layers for the flight
data 1s to use the measurements of static pressure along the facsimile
cone to define the inviscid flow field, particular data from flight tests
of the facsimile cone were selected to match the values of freestream Mach
numbers listed in Table V within + 0.005. The distributions of Cp(X) were
then used with the values of q_, 1isted in Table V, to calculate static
pressures along the surface of the BLT Cone.+ In the flight-test report
by Dougherty and Fisher2?, they state that the static pressure is nearly
constant along the length of the cone. However, the static pressure
data we were given has significant scatter. Figures 18 and 19 show,
respectively, a typical favorable and an adverse pressure gradient.

In light of this apparently random scatter and the comments of Dougherty

and Fisher, a simple straight line was fit to the data for each of the

nine flight conditions. The associated rms errors in C_are listed in Table VI
and range from 4 to 6%. Comparisons of the in-flight facsimile cone pressures
with the theoretical distributions of Wu and Lock, Fig. 6, indicate that the
effect of the airplane is to reduce the favorable pressure gradients

which exist on an isolated 10-degree cone.

The effect of orifice-induced errors was estimated using the method
of Franklin and Wallace.®® The increase in measured static pressure, due to
flow dipping into the 0.107 cm (0.042 in.) orifices, was estimated for two
cases: (1) a laminar boundary layer at X = 17.8 cm and with flow conditions
corresponding to Fiight #327.0908++ and (2) a turbulent boundary at X = 48.3 cm
with the same freestream conditions. 1In both cases, the calculated error
in static pressure was less than 0.1%. Thus, orifice-induced errors
appear to be negligible.

However, the facsimile cone pressures do need to be corrected for
differences in pitch and yaw angles. This need arises because when Mach
numbers of flight tests of the facsimile cone and the BLT Cone are
matched, the values of o and g do not match. A correction for these
differences in pitch and yaw angles can be calculated via the Wu and Lock

*rhis is consistent with the Wu and Lock theory which states: € D
fu{M_,, Cone angle, v, B, X/L).

**yithin the range of freestream conditions 1isted in Table V, this
corresponds to the lowest Mach number for which static pressures were
measured, and thus the thinnest boundary layer exists for this case.
However, in retrospect, the flow conditions for Flight No. 333.1351 should
have been used because a larger 1y results, and orifice-induced errors
increase with 1. a7
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theory., In particular, C,(x) can be calculated along the location of
Lhe Proston-tube traverse (¢=0°) far each ' measured during tests of the
facsimile cone and the BT Cone. In the case of the BLY Cone, the time-
averaged value of Iy during the time the Preston-tube was within the
laminar boundary layer, is used for the theoretical calculation of Cp
(M . ¥, X/L). The y-intercepts of the straight line curve fits of the
facsimile cone pressures are then increased or decreased according to the
difference between spatially-averaged (over length of laminar boundary
layer) value of Cp for the BLT Cnne and the corresponding Cp calculated
for the facsimile conc at the same M but d¢ifferent I', i.e.: letting
(Cp)FC < X 4+ b,

then (Cp) =mx + b+ cp(r for BLT Cone) - Cp(r for FC) . (23}

FC,Corr
The resulting equations are tabulated in Table VI. It is relevant to
note this procedure assumes the differences in static pressure distribution
caused by differences in angles-of-attack are not influenced by the F-15
aircrafti.,

The measured wall temperatures, tabulated in Table V, were obtained
with a single flush-mounted thermocouple at x = 90.2 cm and ¢ = 180 deqgrees.
Since this location is always within the turbulent boundary layer and the
subject of this work is laminar boundary layers, it was decided to estimate
what thecorresponding wall temperatures should be under the various ltamindar
boundary layers. This can be done by multiplying the measured Tw by the
ratio of the laminar over the turbulent adiabatic wall temperature. A
turbulent reocovery factor of re e 0.8825 and a laminar recovery factor of
v 0845 were selected because they are average values based on data from
routs of cones, c©.g. Rohsenow and Choi''. The local edge Mach number at
L= 9.2 em is computed based on the corrected cp(x) distribution tfor a given
sel ot flight data, Table VI. A laminar value for Me is obtained using the
spat ial ly-averaged value of Cp over the length of the measured laminar Preston-
tube data.  The measured wall temperature is then multiplied by the ratio
(Inw)f/(Taw
may e seen, the wall temperatures gencrally decrease by only 2°T.

)t in order Lo arrive at the tomperatures listed in Table V. As
At this point, sufficient information exists in arder to proceed with

boundary tayer computations for the nine f1ight conditions. This, of course

was done using the STAN-H Code.  The resulting theoretical boundary layer

R
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profites can then be used in conjunction with Mreston-tube pressures to
doline offective probe heights, A typical trace of Praston-tube pressure
is shown in Fig. 20. The scatter in the laminar portion of the houndary

layer can be eliminated by hand fairing a curve through the measured pressures.

This has been done for all nine flight conditions.

Using values of the faired Preston-tube pressurves, at intervals of
1.27 em (0.5 in.), a total of 87 values of K . were cilculated. These
are listed in Table V and are plotted in Tig. 21 as a function of
Uwh/“w’ This figure reveals that the semi-empirical values of Keff are
mutually inconsistent, and values greater than two are suspected of being
arroneous.

lowever, before attempting any corrections, it is instructive to
derive a corvelation based on the unmodified data and then to calculate the
corresponding effective unit Reynolds numbers for the 11-Ft TWT. Before
doing this the distributions of Keff’ shown in Fig. 21, were fit with
exponential equations to further smooth the data and facilitate the
corrections which will be discussed later. These equations are listed in
Table VII.

A least-squares curve fit of a quadratic correlation to the laminar
t1ight data, bascd on the smoothed values of: (1) Cp(X), (2) Pp(X), and
(3) Keff’ resulted in

yx = 0.0915(x*)7- 0.5846 X* + 3.2259 ,
for 5.8 < X* <= 6.4,
A graph of this equation and the associated data are presented in Fig. 22.

(24)

The corresponding values of C% are shown in Fig. 23. The rms error in
Cf.c is 0.56%. This reduced scatter, compared to the wind tunnel data,
is not only due to the use of smoothed data but also the fewer number
of individual data peints and the smaller range of freestream conditions.
This identifies a deficiency of the method for calculating K ee which
forces the measured Preston-tube pressures to be consistent with the
theoreticat solutions of the conservation equations for the boundary layer,
This procedurs vesults in values of X* and Y* for the high values of Pp to
agree with and correlate with the rest of the data. Only the plot of Keff
points to a possible problem with some of the measured flight data.
The correlation for the unmodified flight data, Eq. (24), is
compared with the correlation for the shifted wind-tunnel data, Lq. (22),

in tig. M. The two correlations cross near X* = 5.77, which is outside
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i and a maximum difference occurs near X* = (.05,

the range of the flight data,
8 The wind-tunnel correlation is above the flight data correlation over the

range of the flight data. This is consistent with the fact that larger

disturbances are present within a transonic wind tunnel. The difference
' between the two correlations can be used to define an effective freestream

unit Reynolds number. A description of this procedure is given in the

following section,
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V. COMPARISON OF CORRELATIONS AND CALCULATION OF

AN EFFECTIVE FREESTREAM UNIT REYNOLDS NUMBER
A. Unmodified Flight Data

In analogy to the classical definition of effective freestream Reynolds
number based on equal values of drag coefficients of a sphere, one can use
fys. (2?) and (?4) to accomplish the same objective by equating values of skin
friction coefficient. This procedure requires the following set of conditions
be specified at a point on the cone.

1. Freestream conditions: M. ¢.» Repy
2. Inviscid pressure
3, Preston-tube pressure

4. Yeff
5. Wall temperature

These conditions permit calculation of numbers for all the variables which
appear in X* and Y*, except Cg. If these values are used in the correlation
for flight data, Eq. (24), a supposedly interference-free value of laminar
skin friction coefficient is obtained. Now when this value of Cf and all the
other specified variables, except Rey,, are substituted into the wind-tunnel
correlation, Eq. (22), an "effective" freestream unit Reynolds number can be
calculated. For given freestream conditions, the effective Reynolds number
should be independent of X. The only restriction ijs that the appropriate
values of Pp, Pos Yoff and Ty be used for a given X. However, small
variations are found to occur with X simply due to jnaccuracies in the data-
and the correlation procedure. These small variations within a given traverse
were eliminated by averaging over X. This has been done for all of the 19
wind-tunnel cases, and the results are presented in Fig. 25.

Surprisingly, the calculated effective unit Reynolds numbers are only
about 7.5% larger than the values calculated by traditional methods. These
results are surprising because they are much smaller than those suggested by
Reynolds numbers based on the distance to the end of transition. For example,
lata for the 11-Ft TWT is presented in Fig. 26 which suggests the effective
Reynolds number at M_ = 0.80 should be of the order of 35% larger than the
normal unit Reynolds number. Also, since (Cp)rmS peaks at M_ ~ 0./0 in the
11-Ft TWT, as shown in Fig, 27, and Rey is approximately proportional to
(Cp);ﬁﬁ’ (see Appendix A), it appears reasonable to expect (Rep)afs to also
peak near M = 0,70, This type of behavior was anticipated becausc any
difforences between the wind tunnel and flight data are assumed to be due to
wind-tunnel-enryironment effects which were not included or modelled in the
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data analysis, viz., noise and freestream turbulence. A1l of this suggests

that wind-tunnel noise alters the average Taminar skin friction significantly
less than it does transition.

However, before accepting this conclusion, we must resolve the question
whether the semi-empivical flight values for Kgee (Fig. 21),which clearly
point to erroneous data, have any significant effect on this conclusion.
Thus, the question arises: Is there a rational procedure which can be
employed to correct the Preston-tube pressures measured during the flight
tests and thereby permit the calculation of more correct effective unit
Reynolds numbers? The following section discusses our search for such a
procedure.

B. Search For A Procedure to Correct Flight Data

If we assume Ko¢e should be less than.two, the conclusions from Fig. 21 is
that the data for M. = 0.85, 0.86, 0,74 are too-high. The source of these
errors is unknown. The level of Pp for M, = 0.85 and 0.86 would need to be
reduced by approximately 2.54 kPa (53 psf) in order to reduce the largest
value of Keff to 2. In the case of M, = 0.74, Pp would have to be reduced by
2.39 kPa (50 psf) in order tc match the pressure measured for the case M, =

0.75,

In addition to level of pressure, there are at least three other
variables which must be considered. Firstly, the data is expected to follow
the wind-tunnel pattern of decreasing K ¢¢ data with increasing M, and
secondly, orderly spacing between individual cases is expected. Thirdly, in
any attempt to correct the K,¢¢ data, one must decide if the measured
differences in Pp for a given traverse are valid or not. If the errors in Py
are caused by zero shifts in the transducer read-out equipment,. it would
;‘_ normally be correct to assume zero drift was negligible during a given

traverse which required less than a minute. However, even the differences in
" Pp for the various traverses do not agree, see Fig.—2l, For example, ihe
total difference in Pp between 40.6 cm < X « 50.8 cm of Flight No. 329.1036
(. = 0.74) is 0.618 kPa (12.9 psf); whereas, the corresponding difference
for Flight No. 349.1400 (M _ = 0.75} is 0.551 kPa (11.5 psf). As shown on
Fig, 21 and in Table V, there are no significant differences in unit Reynolds
msher or freestream dynamic pressure. In summary, there does not appear to
be a concensus on either level or distribution of Preston-tube pressures!

The first attempt to correct the values of Pp, measured during flight
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tests, is based on the idea that the flight data and the wind-tunnel data

have a common asymptotic value of Ka¢g as R,fruu and the Preston tube moves

to the tip of the cone and out of the houndary layer. This requirement can he
imposed by using the exponential equation developed from a least-squares curve
fit of the wind-tunnel values of K,¢¢ between M =~ = 0.6 - 0,95 {see Fig. 14)
and the equations of Table VII. The wind-tunnel equation defines the
asymptotic values of Kuee to be given by 0,655 (1-M2} ®°17°when Uhhy> .
This equation is then used to define new values for the additive constants,
which appear in Table VII, by inserting a given fliight Mach number. The
resulting modified values of Koep are plotted in Fig. 28. Now the Kq¢p are
much lower but the order of the curves with respect to M_is still incor-
rect. The correlation which results from use of these values of Kq¢f 1S

Y* = - 0.00016 (X*)2 + 0.5054X* - 0,0194 . (25)

This equation is plotted in Fig. 29 and is compared with the shifted
wind-tunnel correlation, Eq. (22). The associated rms error in Cf,c is now
0.15%. This extremely low error in C¢ is caused by the close proximity to the
wall. In this region, total pressure within the laminar boundary layers is
relatively insensitive to changes in K¢, S€€ Fig. 13, and the corrected
values of Pp are approximately equal to P,. This results in nearly constant
values of Pp and is considered to be invalid. However, the corresponding
effective Reynolds numbers vary nearly monotonically from a maximum of 18%
above the normal Reynolds number.for M_ = 0.30, Re, = 13.1 x 10% down to a
minimum of 4% at M_ = 0.90, Re, = 9.8 x 10°. A graph of these Reynolds
numbers is presented in Fig. 30.

In light of the above inconclusive results, a second correction pro-
cedure was investigated. This second procedure is based on the assumption
that the effects of freestream turbulence and noise on the measured laminar
Preston-tube pressures are a minimum at the beginning of boundary layer
transition. This, in effect, assumes the flight and wind tunnel values of
Keff are equal at Xy for a given R and M. This then leads to use of the
asymptotic curve fit of the shifted wind-tunnel data, Fig. 14, to calculate
Kerf(Xy). The theoretical values of R = U h/v, at X¢ are substituted into

Kafs = 2.86bg=0.0273 RT + 0,655 (l-M;)O-”3 (26)
for the nine different flights. The differences between these new values of
Kegg (X¢) and the original flight values defines an increment which was added
(or subtracted) from the complete set of Keff's for a given flight. The
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‘4.0 4 5 5. o 3 5 6. o 6.5
x*
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resulting correlation is
Y¥ = 0,1247(X*)* ~ 0.9210 X* + 4.0548,
for 5.6 < X* <« 6.0,
This equatien is compared in Fig. 31 with the preferred wind-tunnel
correlation, Eq. (22). Unfortunately, the two correlations cross,
This results in effective Reynolds numbers varying between 6% above

and 6% below the normal Reynolds number. Thus, this procedure is
not helpful.

(27)

A third correction procedure focuses on using the unmodified
values of I<eff for Flight No. 349.1400 (M_ = 0.75) as a reference for
the rest of the flight data. This case is attractive because it appears
to have the most realistic values of Keff’ ie., 1.7 < Keff < 1.8, 1In
order to apply this assumption, it is necessary to determine_how the
rest of the Keff data should be distributed about this reference
case. This can also be done using the curve fit of the shifted wind-
tunnel data, Eq. (26). Corrections for the three cases in the upper
left of Fig. 21 were calculated by using the exponential curve fits
for each case (Table VII) to define a corrected Keff at a value of
RT corresponding to the midpoint of the reference case, M_ = 0.75.
The corrections for the five cases on the right of Fig. 21 were
calcutated by using the exponential curve fit of the reference case
to extrapolate Keff to an RT defined by the midpoint of each of the five
cases., The reference Mach number, 0.7%, and the five different values
of RT were used—in Eq. (26) to calculate reference values of Keff' The
five different values of R_and M_were then used in Eq. (26) to define
"correct" differences between these data and the reference case. Each
of the calculated differences in Keff were then used to shift the center
of the Keff data for the corresponding eight flights., This procedure
provides a more realistic spacing of the eight flights about the
selected reference case. In addition, this time it was assumed the
measured differences in Pp for a given traverse are valid and should be
maintained, This requirement leads to a particular distribution of Keff
about the shifted midpoints. The results are illustrated in Fig. 32.
The rather weird distributions of Keff are caused by the fact that Pt is a
function of both x and y and the derivative dPt/dx changes with shifts in
distance from the wall, y. The associated correlation is

y* = 0,0598(X*)° - 0.1777 X* + 1,928, (28)
for 5.64 <« X* < 6,09 ,
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Ihis equation is shown in Fig., 33 along with the individual data points.

A comparison hetween Eq. (28) and the preferred wind-tunnel correlation is
made in Fig. 34,

The small scatter of theoretical skin friction coefficient about values
computed from Eq. (28) is presented in Fig. 35, The rms error in skin
friction coeffictent is 0.37% which is less than the 0.97% scatter found for
the shifted wind-tunnel data, Fig. 16, It is revelant to here note that the
scatter in Cf generally decreases as Yo decreases. This is illustrated by
comparing the values of Kyes shown in Fig. 28 with the higher values of Fig.
32 and noting the lower rms error in C¢ . of 0.15% as indicatedon Fig. 29.
Thus, one can legitimately question whether the flight data have been shifted
down too much toward the wall.

Before addressing this question, we need to first present the values of
effective unit Reynolds numbers which result from using the two correlations
shown in Fig. 34. Values for the nineteen wind-tunnel conditions are shown in
Fig. 36. The maximum effective Reynolds numbers are approximately 6.5% larger
than the corresponding standard wind-tunnel values. These are about 1% Jess
than those obtained for the unmodified flight data, Fig. 25. The distribution
has only a vague resemblance to the measured noise curve shown in Fig. 27.

The two lowest values of effective Reynolds number (=1,04 Rem) occur for

M, = 0.3, Rep, = 13,1 X 10° and M, = 0.9, Re, = 9.8 X 10°, . Data.for both of
these two cases depart from the majority of the data shown in Fig. 14. The
Tow Mach number case appears to be too high and has values of Kg¢e shifted
toward the flight data. The corresponding values of X* lie between 6.26 -
6.28. As indicated in Fig., 34, the difference between the two correlations is
less in this range of X* and this results in a smaller value of effective
Reynolds number. The high Mach number case appears to have a sltope dKeff/dRT
that is conspicuously large. However, the primary reason Rep off is small for
this case is that X* lies in the range 5.73 - 5.80. This corresponds to the
far left of Fig. 34 where a smaller difference between the two correlations
also oxists, Finally, we face the questions what happens to the effective
Reynolds numbers if the flight values of Kgpp are shifted either up or down.
This was investigated by shifting the K,¢r data of Fig. 32 according to the
following procedure. The average R and the corresponding Kyee Was calculated
for the reference case (M = 0.75) and iikewise for the other flight
conditions. The data were then shifted by arbitrarily adding a constant
increment to each of the averade Kue¢'s. These new distances from the wall
were Lhen used tolocate a new value of Pp within the corresponding STAN-5
boundary layer at that streamwise station. The increment in Preston-
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| SHIFTED WIND TUNNEL DATA ]
g Y*=-0.0103(X*)2+0.6653X*-0.5946 .
34 Cfrms = 0.98% yan ;
y¥ g
3.0} - j
ok 'REARRANGED FLIGHT DATA |
2.9 © ¥%20.0598(X*)2-0.1777X*+1.928
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tube pressure, for a given flight condition, was then added or subtracted from
all of the Pp for that traverse. These new values of Pp were then used 1in
conjunction with the theoretical profiles to define new distributions of K
and the associated values of X* and Y* A new least-squares curve fit of
these data provides a

new correlation equation which can then be used with the wind-tunnel
correlation to define a new set of effective unit Reynolds numbers.

eff

The reference value of Kefe = 1.72 was increased up to 2.12 and was
decreased down to 1.42. The resulting distribution of Rep eff 1S presented in
Fig. 37 for M_ = 0.80. This clearly shows that the calculated effective
Reynolds number have a maximum of approximately 1.065 Rep. Thus, we may
conclude that the procedure selected for correcting the flight values of K

eff
reduces the maximum values of Rem,eff by about 1% of Req.

77




L€ danDL4

(S2°0=N) 00¥L'6+¥E L4 J0 tulod 1ajuad je ‘Hy -

EITIAL PAGE 1S

BF PUOR QUALITY

S

va 1HDI1d a3ONvddv3y IHL
404 H2Y 40 INTVA IONIHI4IH IHL NI SIONVHO Ad
ad3INNAodd HIGWNNN SATONAIH IAILDT443 NI STONVHD

3

<

I.UaH
Way - He'Wey

©

[

(49
08°'0=CN ® Bae
% ‘00L X

o
-

08°'0=KW

It




CONCLUSTONS AND RECOMMENDATIONS

Analyses of Preston-tube data, obtained with the AEDC Transition Cone
in both the 11-ft TWT and flight tests, have revealed that these data have
errors. The errors in the 11-ft TWT data are relatively minor and are
comparatively easy to correct. A satisfactory correlation between the
corrected wind-tunnel Preston-tube pressures and theoretical laminar
skin friction has been developed. The standard deviation between the cor-
related skin friction coefficients and the corresponding theoretical values
is 0.98%.

The errors in the flight data were found to be more severe and a
great deal of effort was espended in the search for a rational correction
procedure. Three distinct correction procedures were investigated, and
correlations have been developed based on each of these modified sets of
flight data. The preferred correction procedure forces the flight data
to exhibit some of the orderly characteristics of the wind-tunnel data.
The corresponding preferred preston-tube/skin friction correlation
exhibits an rms error in skin friction of only 0.37%.

The wind-tunnel and flight correlations have been successfully used
to define "effective" freestream unit Reynolds numbers for the 11-ft TUT.
Based on the preferred rearrangement of the flight data, the maximum
effective values of Rem are approximately 6.5% higher than the novmal
tunnel values. This compares with 7.5% which results when using the
unmodified flight data. The maximun effective Reynolds numbers occur
for Mach numbers between 0.60 and 0.80 and for normal tunnel unit Reynolds
numbers of 9.8, 13.1, and 16.4 million per meter,

The distribution of (Rem)eff with Mach number only vaguely resembles
the distribution of total noise intensity as neasured in the 11-ft TWT
with microphones on the AEDC Cone. Also, the values of (Rem)eff are low
for a given noise intensity when compared to the noise/boundary-layer-
transition correlation of Doughterty and Fishers. Thus, we are led to
conclude that wind-tunnel noise effects the average laminar skin friction
much less than it effects boundary layer transition.

It is recommended that the analyses used herein to develop Preston-tube/

skin-friction correlations be appiied next to the analysis of turbulent
boundary layers and finally to the transition region which is known from
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the work of Dougherty, et al.7’8‘27 to be sensitive to tunnel noise. These
new correlations can be used to define additional values of (Rem off which
can be compared to values reported here,

Boundary Layer Transition Data :

Data for the onset, extent, and end of boundary Jayer transition are
summarized and presented in a systematic form in Appendix A. Boundary-layer-
transition data for the 11-ft TWT appear to be correlated by the product
ReT(C )°:25 In the range 0.60 < M_ < 0.95, this product is near 4 and

p’rms’
decreases rapidly as Mach number decreases below 0.60.

Effects of Nose Radius

The effects of variations in nose radius on the transonic flow about
a cone are discussed in Appendix B. The radius of a hemispherical nose has
been found to have an important and dominant effect on boundary-layer
trarsition and flow separation at supercritical speeds. Increasing nose
radius allows the growth of a thicker boundary layer prior to encountering
the transonic shock near the juncture of the nose with the cone._ This

promotes both earltier transition and laminar flow separation. An analytical
procedure has been developed to model this phenomena, and a comparative
study of the effects of nose radius, Mach number, Reynolds number, and heat
trans fer can now be performed.
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APPENDIX A

SUMMARY OF SUBSONIC BOUNDARY LAYER
TRANSITION DATA

Wind Tunnel Data
The surface distances from the nose of the cone to the onset (Xt)
and end-of-transtion (XT) are tabulated in Table A-1 for twenty one

different subsonic, wind-tunnel conditions. The test conditions include
Mach numbers from 0.3 to 0.95 and free-stream unit Reynolds numbers of

3, 4 and 5 million per foot. The extent of the transition zone (AX), the
related ratio XT/Xt’ and the root-mean-square of the fluctuating pressure
coefficient [(Cp)rms] are also included in Table A-1. (Cp)rms is based on
microphone data taken with a 1/4 in. diameter microphone mounted flush with
the cone surface at.a.distance of 18 in. aft of the nose. [Data over the
frequency spectrum between 0.2 and 30 kHz were used to define (Cp)rms .
Transition Reynolds numbers, based on the product of free-stream unit
Reynolds number and the distance to the end-of-transition, are included be-
cause this parameter was initially used by Dougherty’ to correlate with
(Cp)ms-

Whitfield and Dougherty?® have stated that a wide variety of previous
test data indicate the ratio of XT/Xt is approximately 2 and is nearly
independent of flow conditions. However, the values of this parameter in
Table A-1 range from 1.10 to 1.23. There appears to be a slight tendency
for XT/Xt to increase with Mach number. As is shown later in Table A-2,
the flight values of XT/Xt also fall within this same range. Thus, the
value of two is not characteristic of these tests.

The effects of M_ and free-stream unit Reynolds number on Xt and XT
are shown, respectively, in Figs. A-1 and A-2. The primary results to note
are that the distances to onset and end-of-transition (1) increase with
decreasing Reft, but vary only slightly with M_ and (2) are smaller, i.e.,
occur closer to the nose, when M_ = 0.70. This corresponds to the Mach num-
ber at which (Cp)rrns
Dougherty and Fisher.® In Ref. 29, Dougherty presented a correlation of
wind-tunnel data which indicated Re, = 3.7 x 10° (Cp)'-2§ within + 20%.

rms

Thus, RET(Cp)E;g is plotted in Fig. A-3 as a function of M_ in order to

reaches a maximum in the Ames 11-ft TWT, e.g., see

A-1
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ascertain if this parameter is indeed independent of Mach number. For M

between 0,60 and 0,95, an average value of approximately 4 x 10° appears to

be a good correlation. In this Mach number range tunnel-generated noise

reaches the highest intensity levels. As M decreases below 0.6, the noise

level also decreases rapidly. This rapid decay in noise is reflectad in

the decreasing values of ReT(Cp)%ég as Mach number decreases. The data f
suggests that this parameter is a unique function of M for the AEDC Tran- r
sition Cone in the 11-FT TWT. However, there is insufficient data to suppori
a definite conclusion.

The effects of M and Reft on the length of the transition zone are pre-
sented in Fig. A-4. The.exteni-of-transition appears to have a local mini-
mum near.-M_ = 0.70 only for the case Reft = 3 x 10%. The significance of
this observation in unknown at_this time.

Before proceeding to discuss the subsonic flight data, it is relevant
to note that wind-tunnel data were used to estimate corrections of xt and X
for flight cases which.had nonzero pitch and/or yaw angles. Figures A-5
and A-6 present the data for AX as a function of T, the total angle-of-attack;
the corresponding vaues of Xt and XT were used to correct the subsonic flight
data. Figure A-5 expresses the data as a nondimensional ratio AX./AX, _ 4 vs.
Iy and Figure A-6 recas: the data in terms of (AXP - M 0)/L. The wind-
tunnel data were obtained from tests of the 10-deg cone in four different
tunnels. In all cases, the pitch angle (o) was varied with yaw angle (8)
equal to zero, and then § was varied with a = 0.

The flight values of a and B are known from measurements with the cali-
brated flow angularity probe (yawmeter). The following equations were used
to calculate vaiues of I" and ¢ (azimuthal angle of the Preston tube, measurcd
positively in the clockwise direction from the windward element of the cone,
looking forward along the axis).

r

el

T

]

—
=

[\>]

-+

ho~]
N
o

6 =tant By

These values were then used to interpolate wind-tunnel values of xt/(xt)r L0
. and XT/(XT)F - o @8 @ function of I' and ¢. The measured flight values of
Xt and XT were corrected for nonzero I' by dividing by the ratios which
corresponded to an M _nearest to the flight Mach number,
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The inconsistency of the data shown in Figs. A-5 and A~6 suggests this
procedure becomes progressively more inaccurate as T increases and as the
difference between flight and wind-tunnel Mach number increases. Fortunately,
the subsonic values of I’ were of the order 1/2 deg or less, see Table A-2.
Only the data from the Ames 11-Ft and 14-Ft tunnels at M_ = 0.90 are comparable.
When I' = 0.5 deg, Fig. A-5 shows a difference in.AX on the leeward side of
0.28 (AX), . o Or a 28% discrepancy; whereas on the windward side, tie dif-
ference i5.14%. An estimate of the errors for other Mach numbers is not
possible. Because of this uncertainty in the procedure for correcting flight
transition data for nonzero L. and the inability of the STANS program to model
asymmetric boundary layers, only flight cases for which [P < 0.11 deg were
used in the_development of the Preston-tube/skin-friction correlation.

Flight Data

The subsonic flight data are summarized in Table A-2. As discussed pre-
viously, the last four digits in the flight number designate time of day dur-
ing which the data were taken. For example, 349.1347 denotes flight number
349, and the data were obtained at 13:47 hours. In addition to nonzero values
of T', the "corrected" data for Xt, XT and AX have also been modified to
account for non-adiabatic wall temperatures via the following equation.

(x,) (Xr)
t TfTaw - T T#Taw : [ T ]-7
(xtj (XT)a Taw
aw w

This is an empirical equation which is based on a curve fit of flight data,
see Ref. 8.

Figures A-7 and A-8 present the distance to transition onset for the
uncorrected and corrected data as a function of M_ and Recy. Figures A-9
and A-10 present similar plots of distance to end-of-transition for the un-
corrected and corrected data. In both cases, the corrected values of Xt and
XT show a considerable improvement in defining a discernible dependence on
M, and Rec,. The general trend for both X, and X; is that transition occurs
earlier (i.e., X's decrease) with increasing Reft and decreasing M_.

In Fig. A-11 transition Reynolds numbers ReT, based on the product of
Reft and XT, are shown as a function of M_. It is relevant to here note
that the difference between U /v_ and Ue/ve for the subsonic flight conditions
is 1ess than 1%. Since the data is not collasped into a single curve, it
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appears that other variables, such as (Cp)nns‘ are involved., Unfortunately,
(c.)

o’ vms was not recorded during the majority of the subsonic flights. ‘
The extent of the transition zone is plotted in Figs. A-12 and A-13.
In this case, the corrected values in Fig. A-13 show no discernible reduc-

tion in scatter,and the correlation remains unsatisfactory.
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APPENDEX I8

EFFECTS OF SPHERICAL NOSE BLUNTNESS ON
BOUNDARY-LAYER TRANSITION AT SUPERCRITICAL SPEEDS

In Ref. 8, Dougherty and Fisher declare that the AEDC-BLT Cone has an
apex with an "equivalent" diameter of 0.004~1in, (The word equivalent is
apparently used to denote the fact that the nose-tip is not exactly spheri-
cal.) Since it is known that hemisphere-cylinders generate rather strong
shock waves at high subsonic Mach numbers, e.g., Hsieh®?, a natural
question is: how does nose bluntness affect boundary-layer transition with:
in the transonic regime?

In order to answer this question via analysis, it is necessary to have
at least two computational tools. One is a computer code which will calcu-
late both the inviscid flow with shock waves and the associated profiles of
the houndary layer. The second required tool is a procedure to estimate
when and where boundary layer transition occurs. The computer code developed
by Nietubicz, et al.’! was identified as a state-of-the-art method for solv-
ing the Navier-Stokes Equations about axisymmetric bodies and at transonic
speeds. The second needed tool was located by contacting Paul Granville at
NSRDC. He was contacted because he had previously published papers dealing
with boundary-layer transition on axisymmetric bodies. Although none of his
work was directly applicable to the transonic cone question, he did supply
us with a copy of a very recent paper by Wazzan, et al.??

The important results of this paper is the following equation for esti-
mating the onset of boundary-layer transition.

logio [R (e)] = -40.4567 + 64.8066H - 26.7538H7 + 3.3819H% »  (B-1)

for 2.1 < K < 2.8. The authors ciaim that this equation correlates the well-
known "e? method", see Ref. 33. Thus, the use of Eq. (B-1) avoids the need
for lengthy stability calculations. The authors state that the method is ap-
plicable to incompressible flows which:

1. do not vary too much from locat similarity,

2 have small surface roughness and/or vibration,

3.  low freestream turbulence, and

4. small heating rates, i.e., T - T < 23°C.

B-1




B-2
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For the purpose of conducting a comparative study of the effect of nosc-
bluntness on boundary-layer transition on the cone, it was decided to apply
Eq. (B-1) to the compressible boundary layer by evaluating the kinematic
viscosity that appears 1in Rs at the reference temperature of Sommer and Short,
Eq. (11).

Next, Dr. Nietubicz was approached about using his program for this type
of analysis. He agreed.that this was a problem that no one has studied and
thought his code should be ahle to do the job. Unfortunately, his Navier-
Stokes solver did not print.out the conventional, boundary-layer parameters.

He stated that he didn't have the time to add a subroutine to accomplish

this and suggested the first author visit BRL to perform this task. A three-
day trip was made and with some additional debugging via the mail, this sub-
routine was successfully added to the BRL program.

The original agreement with Nietubicz was that one or two cases would
be run in order to check for satisfactory execution,and at that point, Dr.
Pulliam at NASA Ames would_run the code for a set of freestream conditions
and different nose radii. An initial case was run during the check-out pro-
cess for a spherical nose radius of 0.05 in. and with M, = 0.95, Reft
T, = 450°R, and T = 530°R. The results are summarized in Figures B-1 thru
B-3. Figure B-1 shows a portion of the 40 x 80 set of grid points that were
used in the finite difference solution of the equations. Figures B-2 shows
the distribution of pressure coefficient about the nose. Here, the axial
distance X is normalized with respect to a diameter of 1.4 in., and in order
to focus on the nose region, only the first 8 in. of the cone was modelled.
Figure B-3 presents the corresponding Mach number contours. The central in-
terior Mach contour encloses the region with local Mach numbers > 1.10,and
Mach number decreases 0.01 with each larger contour out to a Mach number of
0.95. The pressure distribution and the Mach contours indicate a rather
smooth recompression as the flow passes from the nose cap onto the cone, and
furthermore, the flow remains attached. As freestream Mach number is in-
creased, it is anticipated that a shock wave would form and the boundary layer
would thicken and possibly separate as M _approaches one. However, the above
calculation assumes a laminar boundary layer. If transition to a turbulent
boundary layer occurs, separation would be either delayed or, possibly, would
not occur at ali. The boundary-layer subroutine was not ready at the time

this case was computed; thus, no information is presently available concerning
transition,

=3 x 108, |
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A second case was computed after the houndary-layer subroutine became
operational. This case consists of a nose radius of 0.1 in., M, = 0.95, .
Reft = 3 x 10°, T = 490°R, and Tw = 530°R. The pressure coefficients for
this case are shown in Fig. B-4. The recompression followed by a second
expansion is characteristic of a separated-flow region. The associated Mach
contours are shown in Fig. B-5, and the coresponding streamlines are pre-
sented in Fig. B-6. This figure vividly illustrates the pocket of recircula-
ting flow. A typical velocity profile within this separated region is pre-
sented in Fig. B-7, and a velocity profile s1ightly downstream of the separated
zone is shown in Fig. B-8. The boundary-layer thickness in a separated region
is defined to be measured from the point at which the velocity becomes posi-
tive. -

The boundary-layer properties upto the beginning of separation are
summarized for this case in Table B-1. The left and right-hand sides of
Eq. (B-1) are also inciude in the last two columns of this table. There are
a number of observations that should be noted from Table B-2. Firstly, the
boundary-iayer thickness oscillates but the displacement and momentum thick-
ness (integral properties) are monotonic. The oscillations in & could pro-
bably be eliminated by placing more grid points within this region of large
and rapidly varying pressure gradients. Finally, equality between the left
and right-hand sides of Eq. (B-1) first occurs between X/D values of 0.790
and 0.794. Unfortunately, the corresponding values of H are greater than
2 8 and thus violate the restriction on H imposed by Wazzan, et al.3%2 The
possible error this causes in the predicted location of transition-onset is
presently unknown. However, the pressure gradient is small in this region,
and the assumption of local similarity is probably valid.

Since transition onset occurs near X/D = 0.794, the flow field needs to
be recalculated using this information. It is expected that the extent of
the separated region will diminish considerably if not completely disappear.
Unfortunately, the subject code does not presently have the capability to al-
low boundary-layer transition, i.e., the flow is either entirely laminar or
entirely turbulent. This capability is needed in order to arrive at a satis-
factory model of the complete flow.

In summary, the nose radius determines the wetted length and thereby the
boundary thickness at the shock. A larger nose radius not only promotes

boundary-layer transition at transonic speeds but can also lead to separation
of a laminar boundary layer. As long as one is not too concerned about precise
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absolute values, the model discussed herein appears to be appropriate for a ;
comparative study of the effects of nose-bluntness at transonic speeds. 11 i

and when the parametric study is completed, the results will be reported |
elsewhere. !

s i
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